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METHOD FOR REAL TIME CORRECTION
OF ION CONCENTRATION AND COULOMB
COUNTING STATE-OF-CHARGE (SOC) IN
BATTERY

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit under 35 USC § 119(a)
of Indian Patent Application No. 6646/CHE/2015 filed on
Dec. 11, 2015 1n the Indian Patent Office, the entire disclo-
sure¢ of which 1s incorporated herein by reference for all
purposes.

BACKGROUND

1. Field

The following description relates to a battery management
system. The following description also relates to a mecha-
nism for real time correction of 10on concentration and
Coulomb counting state-of-charge (SOC) 1n a battery.

2. Description of Related Art

Generally, batteries are vital source of stored energy that
1s 1ncorporated into a number of systems. Rechargeable
lithium-10on (Li-10n) batteries are attractive energy storage
systems for portable electronics, electric vehicle (EV) and
hybrid-electric vehicles (HEV) because of their high specific
energy compared to other electrochemical energy storage
devices. In particular, batteries made of lithium metal incor-
porated 1nto the negative electrode aflord exceptionally high
specific energy, n Wh/kg, and energy density, n Wh/L,
compared to batteries with conventional carbonaceous nega-
tive electrodes. Li-1on batteries also exhibit lack of hyster-
esis and low self-discharge currents, which are 1ssues that
are detrimental to the operation of other types of batteries.
Accordingly, lithium-1on batteries are a promising option for
incorporation into EVs, HEVs and plug-in hybnd electric
vehicles (PHEV), as discussed above, because of these
advantageous properties.

One requirement for mcorporation of batteries including
L1-10n batteries into EV/HEV/PHEV systems, as discussed
above, 1s the ability to accurately compute the state-oi-
charge (SOC) and state-of-health (SOH) of such batteries 1n
real time. This requirement 1s 1mportant because 1t allows
measurement of the battery’s ongoing ability to act as a
source of power. The SOC may be defined as a percentage
which reflects the available energy 1n a cell compared to the
available energy of the cell when fully charged.

The critical task of a battery management system 1s to
estimate the SOC accurately and manage health of the
system to provide a robust battery. SOC estimation 1s
challenging since simple methods of predicting SOC, such
as Coulomb counting, suffer from increased errors over an
increased integration time. These increased errors result
from biased current measurements or discretization errors
that occur during such measurements.

Further, the Coulomb counting SOC estimation method
suflers from various drawbacks including zero predictabil-
ity, msensitivity to the operating voltage range, and 1nsta-
bility at realistic drive cycles. Moreover 1n the existing
Coulomb counting method, fault detection 1s not integrated
with state estimation.

SUMMARY

This Summary 1s provided to introduce a selection of
concepts 1 a sumplified form that are further described
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2

below 1n the Detailed Description. This Summary 1s not
intended to identily key features or essential features of the
claimed subject matter, nor 1s 1t intended to be used as an aid
in determining the scope of the claimed subject matter.

In one general aspect, a method includes estimating an
average concentration of 1ons 1n electrodes of a battery and
estimating a state-of-charge (SOC) of the battery by Cou-
lomb counting, correcting the 10n concentration based on a
difference i1n predicted and measured cell voltages, and
correcting the Coulomb counting SOC based on a relation
between SOC estimated by the Coulomb countmg and the
average concentration, and the difference in the predicted
and measured cell voltages.

Correcting the 1on concentration based on the difference
in the cell voltages may include obtaining a predicted cell
voltage while estimating the average concentration of 1ons,
obtaining a measured cell voltage from sensors placed 1n the
battery, and computing the difference between the predicted
cell voltage and the measured cell voltage.

Obtaining the predicted cell voltage may include using an
unscented Kalman filter (UKF).

The 10ns 1n the electrodes may be lithium 10mns.
The Coulomb counting may take an mitial SOC and a
current sensor measurement as nputs.

In another general aspect, a battery management system
includes a processor configured to estimate an average
concentration of 1ons 1n electrodes of the battery and esti-
mate a state-of-charge (SOC) of the battery by Coulomb
counting, correct the 1on concentration based on a difference
in predicted and measured cell voltages, and correct the
Coulomb counting SOC based on a relation between SOC
estimated by the Coulomb counting and the average con-
centration, and the difference in the predicted and measured
cell voltages.

The battery management system may further include a
memory configured to store instructions, wherein the pro-
cessor 1s further configured to execute the instructions to
estimate the average concentration of 1ons 1n electrodes of
the battery and estimate the state-of-charge (SOC) of the
battery by Coulomb counting, correct the 1on concentration
based on a difference 1n predicted and measured cell volt-
ages, and correct the Coulomb counting SOC based on the
relation between SOC estimated by the Coulomb counting
and the average concentration, and the difference in the
predicted and measured cell voltages.

The processor may include an estimator configured to
estimate the average concentration of 1ons 1n electrodes of
the battery and estimate the state-of-charge (SOC) of the
battery by Coulomb counting, and a corrector configured to
correct the 1on concentration based on the difference 1n
predicted and measured cell voltages, and correct the Cou-
lomb counting SOC based on the relation between SOC
estimated by the Coulomb counting and the average con-
centration, and the difference in the predicted and measured
cell voltages.

The corrector may be configured to correct the 10on con-
centration based on a difference 1n cell voltages by obtaining
a predicted cell voltage while estimating the average con-
centration ol 1ons, obtaiming a measured cell voltage from
sensors placed in the battery, and computing the difference
between the predicted cell voltage and the measured cell
voltage.

Obtaining the predicted cell voltage comprises using an

unscented Kalman filter (UKF).
The 10ns 1n the electrodes may be lithium 10mns.

r

The Coulomb counting may take an initial SOC and a
current sensor measurement as nputs.
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In another general aspect, a non-transitory computer-
readable storage medium stores instructions that, when
executed by a processor, cause the processor to estimate an
average concentration of 1ons 1n electrodes of a battery and
estimating a state-of-charge (SOC) of the battery by Cou-
lomb counting, correct 1on concentration based on a difler-
ence 1n predicted and measured cell voltages, and correct the
Coulomb counting SOC based on a relation between SOC
estimated by the Coulomb counting and the average con-
centration, and the difference in the predicted and measured
cell voltages.

Other features and aspects will be apparent from the
tollowing detailed description, the drawings, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a battery management system for cor-
rection of 10n concentration and Coulomb counting state-
of-charge (SOC) 1n a battery, according to an example.

FIG. 2 1s a flow chart illustrating a method for real time
correction of 10n concentration and Coulomb counting SOC
in a battery, according to an example.

FIGS. 3A and 3B are graphs showing validation of
voltage with time at room temperature and at low tempera-
ture respectively for a nickel cobalt aluminum oxide
(NCA)/C cell, according to examples.

FIGS. 4A and 4B are graphs showing state-of-charge
(SOC) estimation at room temperature and at low tempera-
ture respectively for the NCA/C cell, according to examples.

FIGS. SA and 5B are graphs showing validation of
voltage with time at room temperature for HPPC protocol
and urban dynamometer driving schedule (UDDS) protocol
respectively, according to examples.

FIGS. 6 A and 6B are graphs showing SOC estimation for
hybrid pulse power characterization (HPPC) protocol and
UDDS protocol respectively, according to examples.

FIGS. 7A and 7B are graphs showing confidence bound
on voltage prediction and SOC prediction respectively,
according to examples.

FIG. 8 1s a graph showing standard deviation of model
uncertainty, according to examples.

FIGS. 9A and 9B are graphs showing predictive capabil-
ity of voltage estimation and SOC estimation, according to
examples.

FI1G. 10 1s a graph showing updated standard deviation of
model uncertainty described in the example of FIG. 8,
according to examples.

FIGS. 11A and 11B are graphs showing estimation of cell
voltage 1n presence of system fault and a mean of model
uncertainty, according to examples.

FIGS. 12A and 12B are graphs showing estimation of cell
voltage 1n presence of sensor error and a mean of model
uncertainty, according to examples.

FIG. 13 illustrates a computing environment implement-
ing the method for correction of 1on concentration and
Coulomb counting state-of-charge (SOC) 1 a battery,
according to an example.

Throughout the drawings and the detailed description, the
same reference numerals refer to the same elements. The
drawings may not be to scale, and the relative size, propor-
tions, and depiction of elements in the drawings may be
exaggerated for clarity, 1llustration, and convenience.

DETAILED DESCRIPTION

The following detailed description 1s provided to assist
the reader 1in gaining a comprehensive understanding of the
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4

methods, apparatuses, and/or systems described herein.
However, various changes, modifications, and equivalents
of the methods, apparatuses, and/or systems described
herein will be apparent atter an understanding of the dis-
closure of this application. For example, the sequences of
operations described herein are merely examples, and are
not limited to those set forth herein, but may be changed as
will be apparent after an understanding of the disclosure of
this application, with the exception of operations necessarily
occurring in a certain order. Also, descriptions of features
that are known 1n the art may be omitted for increased clarity
and conciseness.

The features described herein may be embodied 1n dif-
ferent forms, and are not to be construed as being limited to
the examples described herein. Rather, the examples
described herein have been provided merely to illustrate
some of the many possible ways of implementing the
methods, apparatuses, and/or systems described herein that
will be apparent after an understanding of the disclosure of
this application.

Accordingly the examples presented herein provide a
method for real time correction of ion concentration and
Coulomb counting state-of-charge (SOC) 1n a battery. The
method 1ncludes estimating an average concentration of 1ons
in electrodes of the battery and estimating a SOC of the
battery by Coulomb counting. In an example, the 10ns 1n the
electrodes are lithium 1ons. Further, the method includes
correcting the 1on concentration based on a difference 1n
predicted and measured cell voltages.

In an example, the predicted cell voltage 1s obtained while
estimating the average concentration of 1ons.

The measured cell voltage 1s obtained from a plurality of
sensors placed in the battery. In an example, the sensors of
the plurality of sensors are voltage sensors.

A difference between the predicted cell voltage and the
measured cell voltage 1s computed to correct the determined
ion concentration.

Furthermore, the method includes correcting the Coulomb
counting SOC based on a relation between SOC estimated
by Coulomb counting and the average concentration, and
also the difference in the predicted and measured cell
voltages.

Unlike the conventional method, that 1s, Coulomb count-
ing, the proposed method provides a real time correction of
ion concentration and Coulomb counting SOC 1n the battery.
The proposed method may be used to correct the Coulomb
counting SOC using the voltage measurement and 1on
concentration in the electrodes. The proposed method may
be used to estimate an accurate SOC during charging and
discharging of the 1on cell. For example, the proposed
method utilizes an unscented Kalman filter (UKF) for esti-
mating the SOC. Such a UKF 1s an algorithm that uses a
series ol measurements observed over time, containing
statistical noise and other errors sources, and estimates
variables by combiming the multiple measurements, and the
UKEF uses a deterministic sampling technique known as the
unscented transform to estimate the mean and covariance.
The proposed method 1s robust against the 1nitial SOC and
current sensor errors.

Furthermore, the proposed method adapts for rapid
changes 1n load current associated with the realistic drive
cycles. The proposed method appropriately accounts for the
relaxation during the rest period. The proposed method for
real time correction of 1on concentration and Coulomb
counting SOC 1n the battery provides an easy to implement
method to account for model uncertainty. The model uncer-
tainty appropriately accounts for a faulty system and also for
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erroneous sensors. The model uncertainty provides an indi-
cator for a faulty system and also for erroneous sensors. A
high value of the mean of model uncertainty indicates a
highly faulty system or highly faulty erroneous sensors.

Referring now to the drawings, and more particularly to
FIGS. 1 through 13 1n which similar reference characters
denote corresponding features consistently throughout the
figures, there are shown various examples.

FIG. 1 illustrates a battery management system 100,
according to an example. In the example of FIG. 1, the
battery management system 100 includes a battery 102, an
estimator 104 and a corrector 106. The estimator 104
includes an 1on estimator 104a and a SOC estimator 1045.
The corrector 106 1ncludes an 1on concentration corrector
106a and a SOC corrector 1065.

The battery 102 includes one or more electrochemical
cells that store chemical energy, which 1s converted to an
clectrical energy to provide power to a load. In an example,
a plurality of sensors 102, 1s placed within the battery 102
as shown 1n the example of FIG. 1. The plurality of sensors
measure voltage values of the cells in the battery 102.

In an example, the estimator 104 1s configured to estimate
the average concentration of 1ons 1n electrodes of the battery
and accordingly to estimate the SOC of the battery by
Coulomb counting.

In such an example, the 1on estimator 1044 1s configured
to estimate the average concentration of 10ns 1n electrodes of
the battery.

The battery 102 1s defined using a two state variable
model. Anode average lithium concentration C,, and the
average radial concentration gradient C,, are used as state
variables. Furthermore, volume averaging of the electro-
chemical model 1s used to obtain the state equations.

The average solid phase (anode) concentration of 1ons in

the electrodes of battery 102 1s given by Equation 1:

31(7)

a, Fl r,

acy, Equation 1

dt

The average radial concentration gradient 1s given by
Equation 2:

45

BODIH __< : >
2r2 I

+ Clm =
2
r.?‘l

dEl m
dr

Equation 2

In an example, for a finite time step, the change 1n average
solid phase or anode concentration of 1ons 1n the electrodes
of battery 102 1s given by Equation 3:

31(1)

a, Fl.r,

Equation 3

ElM—_

In an example, the SOC estimator 1046 1s configured to
estimate the SOC of the battery 102 by Coulomb counting.
The Coulomb counting method may take mitial SOC and
current sensor measurement values as inputs. At an arbitrary

time step t, the Coulomb counting SOC is given by Equation
4:

I(r) X At Equation 4

SOC() = SOC(r—1) +

cell
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In an example, the corrector 106 1s configured to correct
the 10on concentration based on a difference 1n predicted and
measured cell voltages.

Cell voltage measurements are obtained at time 1ntervals
using the plurality of voltage sensors 102, situated in the
battery 102. The cell voltage data i1s assimilated with a
battery model by using a filtering technique. As the cell
voltage prediction 1s non-linear in nature, an unscented
Kalman filter (UKF) 1s used, as discussed above. The UKF
estimates the Kalman gain using the data variance and the
cross-covariance between the state and cell-voltage predic-
tion. When using the Kalman gain, correction in the average
concentration and the radial concentration gradient 1s given

by Equations 5 and 6:
ACIH C{J?"_K ( exp mmfef) qulﬂtiﬂll 5
Aclrn cor r‘n( exp madef) qulﬂtiﬂll 6

Furthermore, 1n an example, the corrector 106 1s config-
ured to correct the Coulomb counting SOC based on a
relation between SOC estimated by Coulomb counting and
the average concentration, and the difference in cell volt-
ages. From the equations Equation 1, Equation 3, and
Equation 4, the relation between the SOC by Coulomb
counting and the average ion concentration 1s derived by
using Equation 7 as:

Equation 7

In an example, the 1ion concentration corrector 106a 1s
configured to correct the 1on concentration based on the
difference 1n the predicted and measured cell voltages. Using
a forward Fuler scheme for Equation 1 1s obtained by using
Equation 8 as:

31(k) x Ar
a, Fl,r, A

B B Equation &
Cinlk) = Ciulk — 1) —

Substituting Equation 8 1n Equation 4 gives the relation-
ship of Equation 9:
a,Fl,r,A B Equation 9
SOC(k) = SOC(k—1) = - 30 (Cinlk) = Cinlk = 1))
cell

In an example, the SOC corrector 1s configured to correct
the Coulomb counting SOC based on the relation between
SOC estimated by Coulomb counting and the average con-
centration, and said difference 1n cell voltages.

With Equation 9 and Equation 5 the SOC correction 1s
given by Equation 10 as:

a, Fl, r,A
BQEE'H

Equation 10

ASOC, cor = — model)

Kn (fop -V

Using the SOC correction, the updated SOC 1s given by
Equation 11 as:

SOC"(k)=SOC(k)+ASOC cor Equation 11

FIG. 2 1s a flow chart 1llustrating a method 200 for real
time correction of 1on concentration and Coulomb counting
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state-of-charge (SOC) 1n a battery, according to an example.
At step 202, the method 200 includes estimating the average
concentration of ions 1n electrodes of the battery 102 and
estimating the SOC of the battery 102 by Coulomb counting.
The method 200 allows the estimator to 104 to estimate the
average concentration of 1ons 1n electrodes of the battery
102 and estimate the SOC of the battery 102 by Coulomb
counting. The average concentration of 10ns 1n electrodes of
the battery 102 1s estimated using Equation 1 and the SOC
of the battery 1s estimated using Equation 4.

At step 204, the method 200 includes correcting ion
concentration based on a difference between predicted and
measured cell voltages. The method 200 allows the corrector
106 to correct the 1on concentration based on difference 1n
predicted and measured cell voltages. From the averaged
concentration and the radial concentration gradient, elec-
trode surface concentration 1s evaluated. Using the surface
concentration and the open circuit voltage (OCV) curve,
equilibrium potential 1s evaluated. Also, reaction diffusion
and the electrolyte potentials are evaluated using the
inverted Butler-Volmer equation. The cell voltage 1s pre-
dicted accordingly from these potentials.

In an example, cell voltage measurements are obtained at
a time intervals using the plurality of voltage sensors 102,
situated 1n the battery 102. The cell voltage data 1s assimi-
lated with a battery model using a filtering technique. As the
cell voltage prediction 1s non-linear 1n nature, an unscented
Kalman filter (UKF) 1s used, as discussed above. The UKF
estimates the Kalman gain using the data vaniance and the
cross-covariance between the state and cell-voltage predic-
tion. Using the estimated Kalman gain, a correction in the
average concentration and the radial concentration gradient
1s obtained using Equations 5 and 6.

At step 206, the method 200 includes correcting the SOC
based on a relation between SOC estimated by Coulomb
counting and the average concentration, and the diflerence 1n
cell voltages. The method 200 allows the corrector 106 to
correct the SOC based on a relation between SOC estimated
by Coulomb counting and the average concentration, and the
difference in cell voltages. In an example, the SOC 1s
corrected using the relation between the SOC, estimated by
Coulomb counting, and the average concentration, and the
difference in predicted and measured cell voltages using
Equation 10. Further, the updated SOC 1s obtained using
Equation 11.

The various actions, acts, blocks, steps, or other opera-
tions performed in the methed 200 may be performed 1n the
order presented in a different order or simultaneously.
Further, 1n some example, some of the actions, acts, blocks,
steps, or other operations may be omitted, added, modified,
skipped, or otherwise not performed without departing from
the scope of the examples.

FIGS. 3A and 3B are graphs showing validation of
voltage with time at room temperature and at low tempera-
ture, respectively, for the NCA/C cell, according to
examples. The experimental data 1n these graphs 1s available
for a Li-ion battery during discharge. With the proposed
method, the cell voltage 1s predicted. The predicted cell
voltage 1s compared with the proposed method using the
UKF result, which 1s the cell voltage predicted by the
proposed method after correction. As depicted i the
examples of FIGS. 3A and 3B, the predicted cell voltage
matches well with experlmental measurements.

FIGS. 4A and 4B are graphs showing SOC estimation at
room temperature and at low temperature respectively for
the NCA/C cell, according to examples. The Coulomb
counting SOC method. labeled CC, and updated SOC,
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labeled Mixture, 1s shown 1n the example of FIG. 4A. The
Coulomb Counting method erroneously estimates remnant
charge at the end of discharge. The proposed updated SOC
method appropnately indicates a low SOC near the end of
discharge as shown in the example of FIG. 4B.

FIGS. 5A and 5B are graphs showing validation of
voltage with respect to time at room temperature for an
HPPC protocol and for the UDDS protocol, respectively,
according to examples. The battery 1s studied by using the
battery for a certain duration and then resting the battery 102
as being unused for a certain duration. A comparison of
voltages, that 1s, predicted UKF and measured voltages 1s
shown 1n the examples of FIGS. SA and 3B for the HPPC
protocol and UDDS protocol, respectively. The estimated
voltage matches with the experimental measurements as
shown 1n the example of FIG. SA. Furthermore, in the
example of FIG. 5B, the estimated voltage matches with the
experimental measurements.

FIGS. 6 A and 6B are graphs showing SOC estimation for
the HPPC protocol and the UDDS protocol, respectively,
according to examples. The proposed method appropnately
accounts for pulse current and voltage relaxation during rest
pertod as shown in the example of FIG. 6A. The SOC
estimation for the UDDS protocol 1s shown 1n the example
of FIG. 6B. In the example of FIG. 6B, rapid current changes
in the battery 102 are not accounted for in the Coulomb
counting method, whereas the proposed method accounts for
rapid current changes, and the SOC 1s corrected 1n accor-
dance to the rapid current changes, in the battery 102.

FIGS. 7A and 7B are graphs showing confidence bound
on voltage prediction and SOC prediction respectively,
according to examples. In addition to providing a prediction
of cell voltage, the proposed method provides a value of the
amount of uncertainty 1n the prediction of cell voltage. The
example of FIG. 7A shows the estimated three-sigma limits
on the cell voltage prediction and the example of FIG. 7B
shows the corresponding three-sigma limits on the SOC
prediction.

FIG. 8 1s a graph showing a standard deviation of model
uncertainty, according to the examples. The model uncer-
tamnty 1s given by a discrepancy in a simulator. In an
example, the discrepancy 1n the simulator 1s modeled using
the relationship q~N(0,0_).

The mean and standard deviation of the varnable g 1s
updated using the UKFE, as discussed further, above. Man-
aging the discrepancy in this manner prevents overcorrec-
tion of states to match the data.

FIGS. 9A and 9B are graphs showing predictive capabil-
ity of voltage estimation and SOC estimation, according to
the examples. With respect to an example, where the battery
102 1s used for certain duration and 1f the voltage of the
battery 102 1s to be determined for such an example, the
prediction of voltage of the battery 102 at a given time
instant 1s shown in the example of F1G. 9A. Furthermore, the
corresponding SOC estimation value for the battery 102 1s
shown 1n the example of FIG. 9B.

FIG. 10 1s a graph showing updated standard deviation of
model uncertainty as described in the example of FIG. 8,
according to the examples. In the example of FIG. 10, the
data 1s assimilated and the updated standard deviation of
model uncertainty 1s shown in the example of FIG. 10.

FIGS. 11A and 11B are graphs showing estimation of cell
voltage 1n the presence of a system fault and a mean of
model uncertainty, according to the examples. A simulation
1s performed to determine the eflect of a faulty system 1n
predicting the cell voltage. In the example of FIG. 11A, a
comparison 1s made between cell voltage predicted for a
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healthy system and a corresponding cell voltage predicted
for a faulty system. In the example of FIG. 11B, the mean
of model uncertainty for a healthy system and the mean of
model uncertainty for the faulty system are shown. In the
example of FIG. 11B, the curve B, which is rising, indicates
the faulty system.

FIGS. 12A and 12B are graphs showing estimation of cell
voltage in presence of sensor error and a mean of model
uncertainty, according to examples. A simulation 1s made
with a faulty sensor. Such a faulty sensor system 1s simulated
by adding a biased normally distributed random noise to the
measurement data. With the faulty sensor simulation, the
proposed method 1s able to predict the cell voltage that 1s
close to the actual cell voltage. For example, the voltage
prediction remains within the 99% confidence bound. In the
example of FIG. 12B, the curve B shows the predicted cell
voltage and the measured cell voltage 1s shown by the curve
A. In the example of FIG. 12B, the mean of model uncer-
tainty 1s shown. In the example of FIG. 12B, the curve B,
which 1s rising, indicates the faulty sensor system. Thus, the
higher value of the mean of model uncertainty indicates a
faulty sensor system. Accordingly, with the proposed
method, the faulty sensor 1s identified and the proposed
method 1s able to be used to correct the errors due to faulty
SEeNSors.

FIG. 13 1llustrates a computing environment implement-
ing the method for correction of 10on concentration and
Coulomb counting state-of-charge (SOC) in a battery,
according to examples. As depicted 1n the example of FIG.
13, the computing environment 1302 includes at least one
processor 1308 that 1s equipped with a controller 1304 and
an Arithmetic Logic Unit (ALU) 1306, a memory 1310, a
storage 1312, plurality of networking devices 1316 and a
plurality Input output (I/O) devices 1314. However, while
certain ones of these elements have been presented as being
integrated, these various elements may be separate or may
be integrated in different ways. The processor 1308 1s
responsible for processing the instructions of the algorithm.
The processor 1308 receives commands from the controller
1304 1n order to perform its processing. Furthermore, any
logical and arithmetic operations involved 1n the execution
of the mstructions are computed with the help of the ALU
1306.

The overall computing environment 1302 may be com-
posed of multiple homogeneous and/or heterogeneous cores,
multiple CPUs of different kinds, special media and other
accelerators. The processor 1308 1s responsible for process-
ing the instructions of the method. Further, there may be a
plurality of processors 1308 that are located on a single chip
or over multiple chips.

The 1nstructions and codes used for an implementation are
stored 1n either the memory 1310 or the storage 1312 or
both. At the time of execution, the instructions may be
tetched from the corresponding memory 1310 or storage
1312, and executed by the processor 1308.

In examples of hardware implementations, various net-
working devices 1316 or external I/O devices 1314 may be
connected to the computing environment to support the
implementation through providing networking and I/0 func-
tionality.

The estimators and correctors i FIG. 1 and I/O devices
and networking devices 1 FIG. 13 that perform the opera-
tions described in this application are implemented by
hardware components configured to perform the operations
described 1n this application that are performed by the
hardware components. Examples of hardware components
that may be used to perform the operations described 1n this
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application where appropnate include controllers, sensors,
generators, drivers, memories, comparators, arithmetic logic
units, adders, subtractors, multipliers, dividers, integrators,
and any other electronic components configured to perform
the operations described in this application. In other
examples, one or more ol the hardware components that
perform the operations described in this application are
implemented by computing hardware, for example, by one
Or more processors or computers. A processor or computer
may be implemented by one or more processing elements,
such as an array of logic gates, a controller and an arithmetic
logic unit, a digital signal processor, a microcomputer, a
programmable logic controller, a field-programmable gate
array, a programmable logic array, a microprocessor, or any
other device or combination of devices that 1s configured to
respond to and execute nstructions 1n a defined manner to
achieve a desired result. In one example, a processor or
computer includes, or 1s connected to, one or more memo-
ries storing instructions or soitware that are executed by the
processor or computer. Hardware components implemented
by a processor or computer may execute instructions or
soltware, such as an operating system (OS) and one or more
software applications that run on the OS, to perform the
operations described in this application. The hardware com-
ponents may also access, manipulate, process, create, and
store data 1n response to execution of the instructions or
software. For simplicity, the singular term “processor” or
“computer” may be used in the description of the examples
described 1n this application, but in other examples multiple
processors or computers may be used, or a processor or
computer may include multiple processing elements, or
multiple types of processing elements, or both. For example,
a single hardware component or two or more hardware
components may be implemented by a single processor, or
two or more processors, or a processor and a controller. One
or more hardware components may be implemented by one
Or more processors, or a processor and a controller, and one
or more other hardware components may be implemented by
one or more other processors, or another processor and
another controller. One or more processors, or a processor
and a controller, may implement a single hardware compo-
nent, or two or more hardware components. A hardware
component may have any one or more of different process-
ing configurations, examples of which include a single
processor, 1ndependent processors, parallel processors,
single-nstruction single-data (SISD) multiprocessing,
single-nstruction multiple-data (SIMD) multiprocessing,
multiple-instruction single-data (MISD) multiprocessing,
and multiple-instruction multiple-data (MIMD) multipro-
cessing.

The methods 1llustrated 1n FIG. 2 that perform the opera-
tions described in this application are performed by com-
puting hardware, for example, by one or more processors or
computers, implemented as described above executing
instructions or software to perform the operations described
in this application that are performed by the methods. For
example, a single operation or two or more operations may
be performed by a single processor, or two or more proces-
sors, or a processor and a controller. One or more operations
may be performed by one or more processors, or a processor
and a controller, and one or more other operations may be
performed by one or more other processors, or another
processor and another controller. One or more processors, or
a processor and a controller, may perform a single operation,
or two or more operations.

Instructions or software to control computing hardware,
for example, one or more processors or computers, to
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implement the hardware components and perform the meth-
ods as described above may be written as computer pro-
grams, code segments, instructions or any combination
thereot, for individually or collectively instructing or con-
figuring the one or more processors or computers to operate
as a machine or special-purpose computer to perform the
operations that are performed by the hardware components
and the methods as described above. In one example, the
instructions or software include machine code that 1s directly
executed by the one or more processors or computers, such
as machine code produced by a compiler. In another
example, the instructions or software includes higher-level
code that 1s executed by the one or more processors or
computer using an interpreter. The 1nstructions or soitware
may be written using any programming language based on
the block diagrams and the flow charts illustrated in the
drawings and the corresponding descriptions in the specifi-
cation, which disclose algorithms for performing the opera-
tions that are performed by the hardware components and
the methods as described above.

The 1nstructions or software to control computing hard-
ware, for example, one or more processors or computers, to
implement the hardware components and perform the meth-
ods as described above, and any associated data, data files,
and data structures, may be recorded, stored, or fixed in or
on one or more non-transitory computer-readable storage
media. Examples of a non-transitory computer-readable
storage medium include read-only memory (ROM), ran-

dom-access memory (RAM), flash memory, CD-ROMs,
CD-Rs, CD+Rs, CD-RWs, CD+RWs, DVD-ROMs, DVD-
Rs, DVD+Rs, DVD-RWs, DVD+RWs, DVD-RAMs, BD-
ROMs, BD-Rs, BD-R LTHs, BD-REs, magnetic tapes,
floppy disks, magneto-optical data storage devices, optical
data storage devices, hard disks, solid-state disks, and any
other device that 1s configured to store the instructions or
soltware and any associated data, data files, and data struc-
tures 1n a non-transitory manner and provide the instructions
or software and any associated data, data files, and data
structures to one or more processors or computers so that the
one or more processors or computers can execute the
instructions. In one example, the instructions or software
and any associated data, data files, and data structures are
distributed over network-coupled computer systems so that
the 1nstructions and software and any associated data, data
files, and data structures are stored, accessed, and executed
in a distributed fashion by the one or more processors or
computers.

While this disclosure includes specific examples, it waill
be apparent after an understanding of the disclosure of this
application that various changes 1n form and details may be
made 1n these examples without departing from the spirit
and scope of the claims and their equivalents. The examples
described herein are to be considered 1n a descriptive sense
only, and not for purposes of limitation. Descriptions of
features or aspects 1in each example are to be considered as
being applicable to similar features or aspects in other
examples. Suitable results may be achieved 1t the described
techniques are performed 1n a different order, and/or it
components 1n a described system, architecture, device, or
circuit are combined 1n a different manner, and/or replaced
or supplemented by other components or their equivalents.
Therefore, the scope of the disclosure 1s defined not by the
detailed description, but by the claims and their equivalents,
and all variations within the scope of the claims and their
equivalents are to be construed as being included in the
disclosure.
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What 1s claimed 1s:

1. A processor-implemented method, comprising:

estimating an average concentration of 1ons 1n electrodes

of a battery and estimating a state-of-charge (SOC) of
the battery by Coulomb counting;

correcting the 1on concentration based on a difference 1n

predicted and measured cell voltages; and

correcting the Coulomb counting SOC based on a relation

between SOC estimated by the Coulomb counting and
the average concentration, and the difference in the
predicted and measured cell voltages.

2. The method of claim 1, wherein correcting the ion
concentration based on the difference 1n the cell voltages
COmprises:

obtaining a predicted cell voltage while estimating the

average concentration of 1ons;

obtaining a measured cell voltage from sensors placed 1n

the battery; and
computing the diflerence between the predicted cell volt-
age and the measured cell voltage.

3. The method of claim 2, wherein obtaining the predicted
cell voltage comprises using an unscented Kalman filter
(UKF).

4. The method of claim 1, wherein the 1ons in the
clectrodes are lithium 10mns.

5. The method of claim 1, wherein the Coulomb counting,
takes an 1nitial SOC and a current sensor measurement as
inputs.

6. A battery management system, comprising:

a processor configured to

estimate an average concentration of 1ons in electrodes of

the battery and estimate a state-of-charge (SOC) of the
battery by Coulomb counting,

correct the 1on concentration based on a difference in

predicted and measured cell voltages, and

correct the Coulomb counting SOC based on a relation

between SOC estimated by the Coulomb counting and
the average concentration, and the difference in the
predicted and measured cell voltages.

7. The battery management system of claim 6, further
comprising a memory configured to store instructions,

wherein the processor 1s further configured to execute the

instructions to

estimate the average concentration of 1ons 1n electrodes of

the battery and estimate the state-of-charge (SOC) of
the battery by Coulomb counting,

correct the 1on concentration based on a difference in

predicted and measured cell voltages, and

correct the Coulomb counting SOC based on the relation

between SOC estimated by the Coulomb counting and
the average concentration, and the difference in the
predicted and measured cell voltages.

8. The battery management system of claim 6, wherein the
Processor comprises

an estimator configured to

estimate the average concentration of 1ons 1n electrodes of

the battery and estimate the state-of-charge (SOC) of
the battery by Coulomb counting; and
a corrector configured to
correct the 1on concentration based on the di
predicted and measured cell voltages, and

correct the Coulomb counting SOC based on the relation
between SOC estimated by the Coulomb counting and
the average concentration, and the difference in the
predicted and measured cell voltages.

9. The battery management system of claim 8, wherein the
corrector 1s configured to correct the 1on concentration based
on a difference 1n cell voltages by:

‘erence 1n
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obtaining a predicted cell voltage while estimating the

average concentration of 1ons;

obtaining a measured cell voltage from sensors placed in

the battery; and

computing the difference between the predicted cell volt- 5

age and the measured cell voltage.
10. The battery management system of claim 9, wherein
obtaining the predicted cell voltage comprises using an
unscented Kalman filter (UKF).
11. The battery management system of claim 8, wherein 10
the 10ons 1n the electrodes are lithium 10mns.
12. The battery management system of claim 8, wherein
the Coulomb counting takes an mmitial SOC and a current
sensor measurement as nputs.
13. A non-transitory computer-readable storage medium 15
storing 1nstructions that, when executed by a processor,
cause the processor to
estimate an average concentration of 1ons 1n electrodes of
a battery and estimating a state-of-charge (SOC) of the
battery by Coulomb counting; 20

correct 10on concentration based on a diflerence 1n pre-
dicted and measured cell voltages; and

correct the Coulomb counting SOC based on a relation

between SOC estimated by the Coulomb counting and
the average concentration, and the difference in the 25
predicted and measured cell voltages.
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